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DNA Molecular Solvation in Neat Ionic Liquids
Lena Cardoso and Nuno M. Micaelo*[a]
The structural and molecular mechanism of double-stranded
DNA (dsDNA) and single-stranded DNA (ssDNA) solvation in
ten room-temperature ionic liquids (RTILs) is disclosed herein.
We show that the Drew Dickerson B DNA structure solvated in
neat RTILs based on imidazolium, oxazolium, pyrrolidinium,
pyrimidinium and quaternary ammonium cations, combined
with hexafluorophosphate and tetrafluorobromide anions
(Figure 1), is able to maintain the native dsDNA B form confor-
mation. We show that cations are preferentially located near
the DNA main chain, establishing strong electrostatic interac-
tions with the phosphate groups. On the other hand, anions
are predominantly involved in hydrogen-bond interactions
with cytosine, adenine and guanine bases. Furthermore, cat-
ions are also able to establish hydrogen-bonding and edge-to-
face NH···p interactions with the DNA bases. We also show that
ssDNA bases in RTILs are preferentially solvated by the anions
via hydrogen bonding with the fluor atoms. Our study pro-
vides the first fundamental structural insights of DNA in RTILs
that can support the future development of novel RTILs, spe-
cific for nucleic acids solutes.
RTILs are becoming ubiquitous in many chemical and bio-
chemical processes,[1] and are replacing organic solvents tradi-
tionally used in non-aqueous enzymology[1c] and separation
processes.[1a] Recently, the use of RTILs with DNA has also been
investigated.[2] DNA separation using a capillary coated with
imidazolium-based RTILs was reported,[2c] as well as the use of
RTILs to extract trace amounts of DNA from aqueous solu-
tions.[2e] Other applications of DNA in RTILs have also been re-
ported, such as, long-term storage[2d] and DNA nanopore trans-
location.[2a]
The molecular mechanism of interaction between RTILs and
DNA is still not clearly understood. Fundamental chemical and
physical information about the interaction between a few
RTILs and DNA have been reported.[3] The 31P NMR and IR
spectra indicate that the molecular interaction between dsDNA
and 1-butyl-3-methylimidazolium ([BMIM]+) chloride is accom-
plished via strong electrostatic interactions between the cation
head group of [BMIM]+ with the phosphate groups of
DNA,[2f,3] and hydrophobic association between the aliphatic
chain of [BMIM]+ with the DNA bases.[3] Furthermore, DNA in
[BMIM]Cl maintains its B form, has shown by the similar circular
dichroism (CD) spectra of DNA in this RTIL and in tris(hydroxy-
methyl)aminomethane hydrochloride (Tris-HCl). The same be-
haviour was also observed using choline-based RTILs.[2d] So far,
we have some direct and indirect evidence of the interaction
of the cation RTILs with DNA and no clear role for the anionic
species in the solvation mechanism of DNA.
Our modeling and molecular dynamics simulation studies
show that the DNA structure is highly stabilized by the RTILs,
in agreement with the Vijayaraghavan et al. evidence of the
long-term DNA stabilization by [BMIM]Cl.[2d] The root mean
square deviation (RMSD) of the DNA structure solvated in neat
RTILs is low (Table 1) in comparison to the same dsDNA and
ssDNA structures in aqueous media (0.53 and 0.70 nm, respec-
tively). dsDNA in RTILs have a RMSD in the range of 0.14 to
0.20 nm. These figures are significantly lower than the ob-
served 0.53 nm deviation of dsDNA in water, and translate the
fact that RTILs are able to retain the native B-form dsDNA crys-
tallographic structure. The RTILs that perform best in retaining
the native structure of dsDNA are the quaternary ammonium
and the pyrimidine RTILs with [PF6]
 . The change of anion
from [PF6]
 to [BF4]
 seems to have a slight detrimental effect
on the dsDNA structure. The dsDNA structure is insensitive to
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Figure 1. 2D structures[4] of the cations and anions used herein: 1-butyl-imid-
azolium ([BIM]+), 1-butylpyridinium ([BPYR]+), 1-butyl-oxazolium ([BOXA]+),
1-butylpyrrolidinium ([BPYRR]+), (2-hydroxyethyl)trimethylamonium
([N111ETOH]+), hexafluorophosphate ([PF6]
) and tetrafluorobromide ([BF4]
).
Table 1. Average root mean square deviation [nm] of the dsDNA and
ssDNA main-chain, relative to the X-ray structure, in the different RTILs.
dsDNA ssDNA
[PF6]
 [BF4]
 [PF6]
 [BF4]

[BOXA]+ 0.20 0.19 0.18 0.11
[BIM]+ 0.18 0.18 0.17 0.17
[BPYR]+ 0.15 0.21 0.14 0.14
[BPYRR]+ 0.18 0.22 0.27 0.20
[N111ETOH]+ 0.14 0.17 0.20 0.16
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the change of anion in imidazolium and oxazolium RTILs, how-
ever, in pyrrolidinium, pyridinium and quaternary ammonium
cations, there is a slight increase of the dsDNA RMSD. In these
RTILs, the [BF4]
 anions have higher tendency to establish, on
average, more hydrogen bonds with the dsDNA bases than
the [PF6]
 anion (Table 2).
The RTILs also have the ability to retain the ssDNA structure
close to its starting conformation (Table 1). ssDNA bases are
more accessible to the solvent, in particular to the [BF4]

anions. This anion induces lower structural changes on the
ssDNA structure than [PF6]
 (Table 1). These facts are also cor-
related with the evidence that [BF4]
 anions are able to estab-
lish, on average, more hydrogen bonds with the ssDNA bases
than the [PF6]
 anion (Table 2).
The radial distributions (RDF) of the cations show a preferen-
tial localization of the cation “head” charge group located at
0.5 nm from the DNA phosphate groups (Figure 2a) and a
complete exclusion of anions from this region (Figure 2b). The
same behavior is observed in the presence of the [BF4]
 anion
(data not shown). These observations are in agreement with
the experimental 31P NMR and IR spectra studies that demon-
strate the same type of cation DNA interaction.[2f, 3] The quater-
nary ammonium cation (2-hydroxyethyl)trimethylamonium
([N111EtOH]+) also exhibits a second peak at 0.7 nm (Fig-
ure 2a), corresponding to a conformation of the cation with
the hydroxyl group in a hydrogen-bond interaction with an
oxygen of the DNA phosphate groups. Apparently, Figure 2
suggests that the cation’s RDF is insensitive to the type of
cation or functional group. However, it is also clear that, if the
cation is functionalized with other chemical groups with hy-
drogen donor/acceptor capability, such as the hydroxyl located
at the end of the aliphatic chain of [N111EtOH]+ , this function-
al group can compete with the positively charged region of
the cation for the DNA phosphate groups.
Cations also seem to interact, not only with the DNA main
chain, but also with the DNA bases. This fact has been partially
described with experimental techniques, but not yet fully un-
derstood.[3] All cations studied have hydrogen-bond donor
and/or acceptor capabilities (Figure 1). 1-butyl-imidazolium
([BIM]+) is seen to establish hydrogen bonds with the oxygen
and nitrogen acceptor atoms of guanine in Figure 3a. Fig-
ure 3b shows the hydrogen bonding mechanism of the hy-
droxyl group of [N111ETOH]+ to function, simultaneously, as a
hydrogen-bond donor and acceptor with an adenine. Further-
more, the [BPYRR]+ cation can act as a hydrogen donor group
towards guanine bases as shown in Figure 3c. These examples
clearly show that cations can participate in the solvation mech-
anism of DNA bases trough hydrogen bonding interactions,
which have not yet been described experimentally.
We have also identified the occurrence of another type of
nonbonded interaction known as edge-to-face NH···p.[5] This
type of interaction is found between the hydrogen of amino
groups of adenine and guanine bases facing the aromatic ring
systems of oxazolium, imidzolium and pyrimidium cations (Fig-
ures 3d–f respectively).
Figures 3 g–i illustrates two common interactions between
[PF6]
 and DNA bases. Figure 3 g shows the simultaneous in-
Table 2. Average number of hydrogen bonds between the RTILs (cations
and anions) and the DNA bases.[a]
dsDNA ssDNA
Anion Cation Anion Cation
[BOXA][PF6] 12.0 0.1 19.1 0.1
[BIM][PF6] 12.1 5.7 19.0 4.6
[BPYR][PF6] 11.5 0.2 15.6 0.0
[BPYRR][PF6] 8.7 2.0 17.8 0.0
[N111ETOH][PF6] 12.2 11.1 17.6 3.6
[BOXA][BF4] 10.9 0.2 21.8 7.5
[BIM][BF4] 10.0 1.8 21.1 0.0
[BPYR][BF4] 14.9 0.0 17.3 0.1
[BPYRR][BF4] 11.0 0.2 20.6 0.0
[N111ETOH][BF4] 12.9 3.2 18.9 0.0
[a] Fluorine atoms were considered as hydrogen bond acceptors. A hy-
drogen bond is considered to exist in one conformation if the distance
between the hydrogen atom and the acceptor is less than 0.35 nm, and
the angle formed by acceptor-donor-hydrogen is less than 308.
Figure 2. a) RTIL cations’ (head charge group) radial distribution function
around dsDNA main-chain phosphate groups. b) RTIL anions’ radial distribu-
tion function around dsDNA main-chain phosphate groups. Seethe Support-
ing Information for details about radial distribution calculations.
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teraction of two fluor atoms of [PF6]
 with two hydrogen
donors of a guanine. Figure 3 h shows the simultaneous inter-
action of two fluorine atoms with hydrogen donors from two
close cytosines. Furthermore, [BF4]
 anions also have similar
hydrogen bonds arrangements with guanine bases (Figure 3 i).
RTILs provide a molecular environment for biomolecular sys-
tems distinct from common molecular solvents such as water.
Our observations are quite revealing about the mechanism of
DNA solvation and stabilization by RTIL cations and anions. We
stress the important role of anions and the hydrogen-bonding
interactions of the cations with the DNA bases. Given the ple-
thora of RTIL cations and anions available, it is possible that,
with the structural insights provided herein, novel RTILs could
be designed with tailor-made features specific for nucleic acids
solutes.
Experimental Section
The RTILs were modeled using a similar parameterization approach
to that used by us previously.[6] Details of the RTIL parameterization
and validation are described in the Supporting Information. The
Drew Dickerson B DNA structure with protein databank code
1BNA[7] was used herein. Both dsDNA and ssDNA structure were in-
vestigated, the latter structure was obtained by using only the
chain A of the DNA molecule. The DNA was solvated in different
RTIL systems and in a 100 mm aqueous system. Molecular mechan-
ics/dynamics (MM/MD) simulations
were performed with the GROMO-
S96 53 A6 biomolecular force
field[8] and the GROMACS[9] simula-
tion package. MD simulations were
performed for 20 ns for each
system, and structural analysis was
done from the last 10 ns. Full de-
tails of the MM/MD simulation de-
tails and analysis are described in
the Supporting Information.
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Figure 3. Figure composite of cation and anion non-bonded interactions with DNA bases. Hydrogen bonds in (a)–
(c) and (g)–(i) are rendered in dashed lines. In (d)–(f), dashed lines connect the aromatic ring atoms with the NH
hydrogen bond donor group in edge-to-face type interactions.
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